The prosthetic group of citrate (pro-3S)lyase
2') --145' T-phosphoribosyl) dephosphocoenzyme A. Proof as to the exact linkage between the two ribose moieties and the anomeric configuration of the glycosidic bonds has not yet been obtained. A similar analysis was obtained for a product isolated after Pronase digestion of the enzyme (without alkaline hydrolysis).
The isolated prosthetic group also can serve as a substrate for a crude preparation of acetate:-SH(acyl carrier protein) enzyme ligase (AMP) from K. aerogenes, pure pig heart citrate (si).synthase (EC 4.1.3.7), and pure rat liver ATP citrate (pro-3S)lyase (EC 4. 1.3.8) . This compound is the first shown to substitute for coenzyme A in the latter reaction. Citrate3 -p-acetate-' + oxaloacetate2 has been shown to contain an essential acetyl thioester group (1, 2) . The enzyme has three nonidentical subunits, the smallest of which contains adenine, pantetheine, phosphate, and pentose (3) (4) (5) . Dimroth (6) has reported the isolation of a carboxymethylated prosthetic group from the same enzyme and has termed it to be an "isodephosphocoenzyme A." Although our analysis differs from that of Dimroth by only 1 mol of organic phosphate per mole of prosthetic group, our proposed structure differs markedly from that proposed by him. Klebsiella aerogenes strain WG 9008, a pantothenate-requiring mutant recently isolated by us (7) , was grown in [3H]adenine and [14C]-pantothenate to obtain a doubly labeled prosthetic group, which greatly simplified the isolation and subsequent analyses of small quantities of the compound. Our initial studies (unpublished) with the [14C]pantothenate-and [3H]adenine-labeled enzyme showed that the intact prosthetic group could be obtained by mild alkaline hydrolysis of the holoenzyme.
In the present study, a procedure for the isolation of the prosthetic group obtained by alkaline hydrolysis has been developed. The Chromatography was done with a linear gradient generated by mixing 3 mM dithiothreitol and 3 mM HCl (800 ml) with 3 mM dithiothreitol, 3 mM HCl, and 0.1 M LiCl (800 ml) (8, 9 (10) . The orcinol reaction was performed by the method of Dische (11) . The sulfhydryl group was estimated by reaction with 5,5'-dithiobis(2-nitrobenzoic acid) at pH 8.1 in 100 mM Tris*HCl, using a molar absorptivity of 13,600 M-1 cml1 (12) .
Smith Degradation of the Prosthetic Group. The isolated prosthetic group (193 nmol) was degraded using periodic acid, followed by reduction with sodium borohydride and mild acid hydrolysis (13) . This mixture was neutralized and passed through a column of Dowex-50(H+-form) (0.8 X 7 cm). The column was washed with 10 ml of water, and the eluate and wash were combined and evaporated to dryness. Boric acid (from the NaBH4 reduction), as methyl borate, was volatilized by several evaporations with 2 ml of methanol and 1 drop of glacial acetic acid. The product was dissolved in water and applied to a column (1 X 6 cm) of DE52 prepared as described above. The column was washed with approximately 30 ml of 3 mM dithiothreitol, and a linear gradient of 3 mM dithiothreitol (150 ml) to 3 mM dithiothreitol, 0.1 M LiCl, and 3 mM HC1 (150 ml) was applied (8, 9) . The Kinetic experiments were performed on a DW-2 Aminco UV-Vis spectrophotometer at 25°. Pig heart citrate synthase was assayed by the method of Srere et al. (19) . Acetate:SH-(acyl carrier protein) enzyme ligase (AMP) was purified from K. aerogenes by the method of Schmellenkamp and Eggerer (20) through the ammonium sulfate step. In a total volume of 0.6 ml, the reaction mixture contained 100 gmol of Tris-HCI, pH 7.4, 100 Mimol of freshly neutralized NH2OH, 5 ,mol of ATP, 1.8 ,mol of acetate (as Tris-acetate), 10umol of dithiothreitol, 1 ,mol of MgCl2, and acetate:SH(acyl carrier protein) enzyme ligase (AMP) sufficient to activate 0.01 unit of citrate Iyase per min. The reaction mixtures were incubated at 370 for various times. At the end of each reaction, 0.9 ml of a solution containing 10% FeCl3 and 3% trichloroacetic acid in 0.66 M HC1 was added, the tubes were spun in a clinical centrifuge, and the absorbance of the supernatant fluid at 540 nm was determined (21) . RESULTS Chemical composition of the prosthetic group Several batches of the prosthetic group have been prepared and analyzed for adenine, phosphate, sugar, and sulfhydryl content. In all analyses, components were expressed in ratio to adenine, as measured at 258 nm, assuming a millimolar absorptivity of 15.0 at pH 7, based on the known millimolar absorptivities of adenine nucleotides (22) . These results (Table 1) show that the prosthetic group possesses the basic components of coenzyme A and an extra sugar. Spectral analysis of the prosthetic group The ultraviolet spectra of the prosthetic group were identical with those obtained with coenzyme A. At pH 2, the prosthetic 
Characterization of the products obtained by phosphodiesterase I treatment of the prosthetic group
The prosthetic group was treated with phosphodiesterase I and the products were applied to a DE52 column. The 14C-containing material (originally ["4Clpantothenic acid) emerged from the DE52 column at 25 mmho. The 4'-phosphopantetheine obtained by phosphodiesterase I hydrolysis of coenzyme A also emerged at 25 mmho in this system. These fractions had no absorbance at 260 nm, nor did they give a positive reaction with orcinol. The 3H (originally [3H]adenine)containing material emerged as a discrete peak at 35 mmho. The material had a X max at 258 nm and contained two pentoses and two organic phosphates per adenine. Both phosphates were liberated from the adenine-containing compound as inorganic phosphate by treatment with alkaline phosphatase.
Composition of the prosthetic group isolated after
Pronase digestion
The Pronase digestion of the enzyme and subsequent DE52 chromatography of the digest led to the isolation of a material containing both 14C and 3H in about the same yield as obtained by the alkaline hydrolysis procedure. The material, which was eluted from the column approximately at 35 mmho, had a similar ultraviolet spectrum as the prosthetic group isolated by the other procedure, with a X max at 258 nm and X min at 227 nm. Analysis of the components in the same manner as above indicated two pentoses and three phosphates per adenine. Alkaline phosphatase alone did not release any inorganic phosphate from this material, but treatment with phosphodiesterase I and alkaline phosphatase yielded two phosphates. nate many possible combinations of the components. The fact that the isolated material replaces coenzyme A in the three enzymatic systems used in citrate transformation indicates that a coenzyme A-like structure must be considered in postulating the structure of the prosthetic group (Fig. 1) . The reactivity of the prosthetic group in the reaction catalyzed by acetate:SH-(acyl carrier protein) enzyme ligase (AMP) and the results obtained in the Pronase digestion support the conclusion that the compound as isolated by alkaline hydrolysis is identical in structure to the prosthetic group normally present upon holocitrate Iyase. The phosphate group cleaved by alkaline phosphatase from the prosthetic group prepared by alkaline hydrolysis is probably involved in a phosphodiester bond to the protein since it is substituted with a peptide on the prosthetic group isolated by Pronase digestion and cannot be liberated by alkaline phosphatase. The paper chromatographic analysis shows that the two sugars present in the molecule are both ribose. Our results do not indicate the presence of any sugar other than ribose, as opposed to the results of Dimroth (6) , who reported ribose and an unidentified sugar by paper chromatography of an acid hydrolyzate.
Further elaboration of structural detail is provided by the analyses of the products of phosphodiesterase I cleavage of the prosthetic group. The first product possesses a sulfhydryl, the However, two ambiguities remain in the structure. None of the experiments reported here discriminates between the 2' and the 3' linkages. Also, the anomeric configuration of the glycosidic bonds is unknown.
The present work offers insight into the finding of Buckel et al. (24) that citrate Iyase, after deacetylation and carboxymethylation, can still catalyze the cleavage of citrate in the presence of acetyl coenzyme A. Singh et al. (5) reported that there are only 4 mol of pantetheine (and thereby prosthetic groups) per mol of enzyme, whereas there are six acyl carrier proteins per mol of enzyme. It is possible that acetyl coenzyme A could cccupy the two empty sites and substitute for the prosthetic group in the citrate Iyase reaction since the latter has proven capable of replacing coenzyme A in several analogous mechanisms.
The involvement of this prosthetic group in the citrate Iyase reaction is a major step towards unification of the mechanisms of the enzymes that are responsible for the lyase reactions of citrate, and this finding may allow design of other experiments towards further elucidation of this mechanism.
